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TURBINE WITH A 12.75-INCH TIP DIAMETER 

By Earl E. Coulter, Robert G. Larkin . 
and David S. Gabriel 

SUMMARY 

An investigation has been made of the effect on the performance 
of a radial -flow exhaust-gas turbosupercharger turbine with a 
12.75-inch tip diameter of various inlet pressures, inlet temperatures 
wheel speeds, pressure ratios, and cooling-air flows. For a given 
blade-to-Jet speed ratio, variation In pressure ratio from 1.5 to 4.0 
and inlet temperature from 600° to 1200° R had only a small effect on 
turbine efficiency. For blade-to-Jet speed ratios of 0.5 and 0.6, the 
efficiency increased 4.5 points as Inlet pressure increased from 
20 to 50 Inches of mercury absolute. Cooling-air flow had no 
measurable effect on turbine efficiency within the accuracy of the 
tests in the test range: namely, ratios of cooling-air flow to 
turbine gas flow from 0 to 14 percent, turbine pressure ratio of 2.0, 
turbine Inlet total pressures from 15 to 40 Inches of mercury 
absolute, and inlet temperatures from 600° to 2000° R. 

INTRODUCTION 

The radial-flow exhaust-gas turbine Investigated has many 
features that are radically different from those of the conven- 
tional axial-flow turbine. The radial-flow turbine wheel runs 
with considerable reaction and incorporates drilled cooling-air 
passages through the disk. Performance tests of the conventional 
axial-flow turbine have been reported in references 1 and 2, but 
very little data have been published on the radial-flow-type 
turbine (reference 3) and no data are available that show the 
effect of cooling-air flow on turbine efficiency. 



HAGA MR No. E6F03 

An investigation was therefore made at the KACA Cleveland 
laboratory during July and August 1945 at the request of the 
Bureau of Aeronautics, Navy Department, to determine the basic 
efficiency and also to investigate the effect of cooling-air flow 
on turbine performance. Curves of efficiency and air flov are 
presented that cover a range of turbine speeds from 3000 to 
17,000 rpm, inlet pressures from 15 to 50 inches of mercury absolute, 
inlet temperatures from 800° to 2000° R, pressure ratios from 1.5 to 
4.0, and cooling-air flows from 0 to 10 percent of the turbine gas 
flow. 

TURBINE ASSEMBLY 

A photograph of the setup for the investigation of the radial- 
flow exhaust-gas turbine is shown in figure 1. The nozzle box, the 
turbine wheel with cooling-air passages and shaft, the wheel-case 
center cover, and the rear-bearing support (turbine end of shaft) 
are shown in figure 2. The nozzle box is a double tangential-inlet 
radial-flow type. The turbine wheel has a comparatively small number 
of blades (17) and runs with considerable reaction; the driving fluid 
enters the turbine wheel radially and is discharged axlally. 

The compressor Impellers and diffusors and the oil pump were 
removed. The waste gate was replaced by a stainless-steel seal to 
eliminate leakage. The oil passages In the front-bearing housings 
(compressor end of shaft) were reworked to permit lubrication of 
the bearings from external oil pumps. An extension shaft was 
inserted into and fastened to the compressor end of the hollow 
turbine shaft with dowel pins. The power was transmitted through 
a flexible coupling to a hJgh-speed eddy-current dynamometer. 
Distortion of the wheel-case center cover and consequent rubbing 
ön the turbine wheel at simulated altitude conditions were prevented 
by installing a chamber between the nozzle box and rear-bearing 
support and venting it to the turbine discharge duct. Figure 3 
shows these modifications. 

The clearance between the air seal (fig. 3) and the back of 
the turbine wheel was set at 0.005 Inch cold and the clearance 
between the trailing edge of the turbine-blade tips and the turbine 
casing was 0.044 to 0.051 inch cold. The distance from the upstream 
end of the inner cylinder of the annular exhaust chamber to the 
turbine wheel was seven-eighths inch. 

The wheel was designed to be cooled by air bled from the 
first-stage compressor to increase the life of the turbine wheel at 
elevated temperatures and to permit safe operation at inlet-gas 
temperatures up to 1700° R. Because the compressors were removed, 
cooling air had to be provided from an external source. The 
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compressor Inlet and one outlet vor© "blanked off and cooling air 
from "the laboratory air supply was Introduced through the other 
compressor, outlet. . Cooling-air flow was measured "by a thin-plate 
orifice. Fifty-one cooling-air passages aro located in the turbine 
wheel in planes slightly less than 90° from the turbine axis. (See 
detail A of fig. 3.) These passages terminate in groups of three 
into 17 other drilled passages, each one under the root of a blade 
nnfl roughly parallel to the root. The cooling air enters the wheel 
near the shaft and die char goo on the downstream side of the turbine 
wheel near the axis. The air-flow path is indicated by arrowB in 
figure 3. The cooling-air passage outlets are shown in figure 2(b). 
The turbine was driven by hot gas at various temperatures and 
pressures from a hot-gas producer similar bo the one described in 
reference 1. 

A plenum chamber in the form of an inverted U constructed from 
18-inch-diameter ducts and covered with 3 inches of insulation was 
attached to the nozzle box to insure an equal gas flow through both 
nozzle-box Inlets. This arrangement is shown in figure 1. Tho hot 
gas entered at tho contor oi' the top of the chamber and flowed down 
both legs. The nozzle-box inlet duc+.a extended into tho legs of 
tho plenum chamber and the upstream ends wore bellmouthod to induce 
a smooth gas flow. 

INSTRUMENTATION 

A thin-plate orifice was rsed to measure air flow to the gas 
producer. Fuel flow ^as measured with a calibrated rotamoter. 

Tnlet-gas temperature was meaeurod by fou>* quadruple-shielded 
chromol-alumel thermocouplea, two placed in each inlot to the 
nozzlo box. The average of theso four thermocouple roodings was 
assumed to be the total temporaturo at the nozzle-box inlets. The 
maximum difforonco in thormocouplo roodings was±5° F. Inlot static 
pressure was token as tho average of tho readings of eight pressure 
taps, four locatod in tho same cross section in each of the two 
nozzle-box inlot ducts as indicated in figure 3. These pressure 
readings had a maximum variation of ±0.1 inch of mercury. Tho total 
inlot pressure was computed from the measured static prossure «nd 
tho total temperature by use of the continuity oquation. 

An annular chamber having tho same cross-sectional area as 
the annular area swept by tho discharge edgos of tho turbine blades 
plus the annular aroa that corresponds to the cloaranco botwoen tho 
trailing edge of tho blade tips and the turbine casing was provided 
at tho turbine dlBchargo. Throo banks of static pressure taps, 
16 taps in each bank, were installed 120° opart in the annular 
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chamber. Six taps of each hank were installed In the outer cylinder 
of tie annular chamber arid 10 taps In the Inner cylinder. These 
taps were spaced 0.75 Inch and the six taps on the downstream end 
of the inner cylinder of the chamber were directly opposite the SIJC 
taps in the outer cylinder of the annular chamber. The annular 
chamber and one bank of pressure taps are shown in figure 3. The 
turbine static discharge pressure was taken as the average of the 
readings of the six pressure taps lying in the plane passing through 
taps 1 and 11 (figure 3) and perpendicular to the axis of the turbine. 

Dynamometer torq.ua measurements wore made with an KACA balanced- 
diaphragm torque indicator to the nearest 0.204 foot-pound. Turbine 
speed was measured to the nearest 10 rpm by two Chronometrie tachometers, 
each driven "by  its own tachometer generator turning at one-tenth 
turbine speed. The method recommended by the A.S.M.E. of estimating 
the accuracy of measurement of air flow gives a probable error 
of ±1.2 percent. 

SYMBOLS 

The following symbols are used in the report: 

A   actual turbine nozzle outlet area (sq ft) n \  i      / 

g   acceleration due to gravity. 32.2 (ft)/(soc) , or dimensional 
constant, 32.2 (lb)/(slug) 

M   theoretical maximum mass flow of gas that can be passed through 
convergent nozzle of 21.5-square-inch throat area, 
(slugs)/(sec) 

ML mass flow of air plus fuel, (slugs)/(sec) 

N turbine speed, (rpm) 

p- static pressure of turbine discharge, (in. Eg absolute) 

p total pressure at nozzle-box inlet, (in. Hg absolute) 

R, gas constant for combustion products, (ft-lb)/(lb-°R) 

T^ total temperature at nozzle-box Inlet, (°H) 

u blade tip speed, (fps) 

v theoretical Jet speed, (fps) 
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7 

V 

5 

0 

c.,„ 
weight flow of cool lug air, (11)/(sec) 

weight flow of air plus fuel, (ID)/(sec) 

ratio of specific heats 

turbine efficiency defined as ratio of shaft power to theoreti- 
cal power computed from total temperature and pressure at 
turbine inlet and static pressure at turbine discharge 

turbine efficiency defined as ratio of shaft power to difference 
between theoretical power (as defined^or r\)  and kinetic 
power where kinetic power is calculated from average axial 
component of velocity at turbine discharge 

ratio of turbine inlet pressure to NACA. standard sea-level 
pressure, pj/29.92 

ratio of turbine inlet temperature to NACA standard Boa-level 
temperature, Tj/519 

TEST CONDITIONS 

The fundamental efficiency of the turbine was determined by tests 
without cooling air. These tests wore llmitod to an Inleb temperature 
of 1200° B. The approximate test conditions were as follows: 

Total inlet 
pressure, p^ 
(in. Hg abs.) 

Total inlet    | 
temperature, TA 

(°R) 
Pressure ratio 

Pi/Pd 

IS 1200 1.5, 2.0 
20 1000 1.5 
30 800 

1000 
1200 

1.5, 2.0, 3.0, 4.0 

30 900 
1100 

2.0, 4.0 

40 
50 

1000 
1000 

...      -,■!■-,   — 

1.5, 3.0, 4.0 

At each condition, data were taken over a range of speeds up to the 
maximum obtainable, but the speed was limited to 17,000 rpm by the 
manufacturer. 
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The gaa temperatures for the Be tests were relatively loir and 
resulted In very low fuel-air ratios; consequently, the gas 
properties differed little from those of air at these temperatures. 
The turbine efficiency r\    based on the total Inlet pressure and 
temperature and the static discharge pressure was calculated by 
using a table of the thermodynamic properties of air from 
reference 4 and the equations of reference 5. The efficiency «j1 

"based on the difference "between the total available energy calcu- 
lated from the static discharge pressure and total inlet temperature 
and pressure and the kinetic energy of the average axial component 
of discharge velocity vas calculated by the method of reference 1. 
Values of R-jj and 7,  taken from reference 6, were used to calcu- 
late the average axial oomponent of the discharge velocity. 

Additional tests were made at a constant pressure ratio of 2.0 
to investigate the effect of cooling air on turbine efficiency. The 
following table shows the approximate conditions for each test: 

Total inlet Total inlet        Cooling-air flow 
pressure, p^^ temperature, T, Wc 

(in. Hg. abs.)    (°R) (lb/sec) 

~~15 1200 0,   0.095,   0.195 

30 •                          800                   0,   0.095,   0.196,   0.330 
1200                   0,   0.095,   0.196,   0.330 
1600                     0.195,   0.330,   0.410 

 2000 0.350,   0.410  

40 1200 0.095,   0.196,   0.330 

At each test condition the speed was varied up to the maximum 
obtainable but limited to 17,000 rpm. The cooling-air flows 
selected were chosen to insure safe operation of the turbine and 
were not necessarily the minimum flows required'for cooling. 

At the conclusion of this test program, a sudden Increase in 
air flow of about 2 percent was noted. Inspection of the "nozzle 
box revealed several radial cracks about one-half inch long and 
one-sixteenth inch wide in the casting that forms the waste-gate 
nozzles. The stress introduced by the waste-gate seal clamped over 
the casting may possibly have been the cause of these cracks. 

RESULTS 

The results of the tests without cooling air are shown 
in table I. 
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Turbine efficiency TJ ia plotted against "blade-to-Jet speed 
ratio in figures 4 and 5. Figure 4 demonstrates the effect of 
pressure ratio Tor "three' Inlet total gas-temperatures and-figure. 5 
shows the effect of inlet temperature and pressure on turbine 
efficiency. The peak efficiency oocurs at a blade-to-Jet speed 
ratio of about C.66. 

Figure 6(a) shows that for blade-to-Jet speed ratios lower 
than 0.6 the turbine efficiency increases with increase in pressure 
ratio up to 3.0 and'then decreases. For a blade-to-Jet speed ratio 
of 0.4 the increase is about 2 points for an increase in pressure 
ratio from 1.5 to 3.0. For a blade-to-Jet speed ratio of 0.6, however, 
the efficiency decreases about 2 points when the pressure ratio 
increases from 1.5 to 3.0. Figure 6(b) ohors the effect of variation 
In inlet temperature on turbine efficiency. The turbine efficiency 
varies only slightly with inlet temperature. Over the range of 
inlet temperatures from 800° to 1200° R the maximum difference in 
efficiency was 1.5 points. The efficiency increases with inlet 
presste as shown in figure 6(c). The greatest increase of efficiency 
occurs at blade-to-Jet speed ratios of 0.5 and 0.6 and 1s about 
4.5 points over a range of inlet pressures from 2C to 50 inches of 
mercury absolute. 

In figure 7 the turbine efficiency is plotted against the 
Reynolds number factor p./S^1,1 derived in reference 1. The curves 

are shown for constant blado-to-Jet speed ratios from 0.2 to 0.6 and 
pressure ratios from 1.5 to 4.0. The inlet-pressure range shown 
is from 15 to 50 inches of mercury absolute and tho inlet-temperature 
range is from 800° to 1200° R. The derivation of the Reynolds 
number factor in reference 1 neglects mechanical losses, bearing 
friction, and windage, which is a logical assumption when small 
turbines having antifriction bearings are considered. Friction 
losses are, however, considerably higher for Journal-type bearings 
and would have proportionally greater influence on the results. No 
correction has been made in the data reported here for bearing 
friction. Although figure 7 shows a good correlation of the data, 
it cannot be offered as evidence of the effect of Reynolds number 
on turbine efficiency because of the small variation of the efficiency 
with the Reynolds number factor and tho unknown effect of bearing 
friction. 

The turbine mass flow may be correlated by "plotting the gas- 

flow factor ^t JjäTqr    (reference 1) against the speed factor N/Vö 

for any pressure ratio. For convenience of calculation, the gas-flow 
factor is reduced to the form (M+'sßj/b   and plotted against the 
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speed factor for various pressure ratios in figure 8. All the data 
over the range of Inlet pressures and temperatures is correlated on 
this plot vithin an accuracy of l5 percent. The variation of the 

4 
gas-flow factor (M *f6)/b   with pressure ratio is shown on cross 

t 
plot figure 9. The occurrence of reaction is indicated "by the fact 
that the gas-flow factor continues to increase as the pressure ratio 
increases above 1.83. 

The ratio of the turbine mass flow M.  to the critical mass 
t 

flow M  at any given inlet pressure and temperature Is plotted 
against the speed factor TX/ 4d    in figure 10. The critical mass 
flow is defined as the theoretical maximum flow that could be 
passed through a convergent nozzle having a discharge area equivalent 
to the turbine nozzle discharge area (21.5 sq. in.) and is calculated 
from the following equation: 

1 

70.75 p.A /-2-T1 W 

Al though 7 and R vary with Inlet temperature,  their . 
variation with temperature over a range from 800° to 1200° R 
resulted in a difference in IL of less than one-half percent. 
Consequently, for all practical purposes equation (1) reduces to 

(M V0)/ö = 0.220 (slug)/(sec) 
HI 

where 

7 = 1.380 

R^ a 53.25 (ft-lb)/(lb)(°R) 

The plot of figure 10 correlates all the data ^ver the entire range 
of test conditions. Figure 11 is a cross plot of figure 10 and 
shows that the ratio M^/H. approaches a value of 0.875 at a pressure 
ratio of about 4.0. 

Turbine efficiency TJ' IS plotted against blade-to-Jet speed 
ratio for various inlet temperatures and pressure ratios in 
figure 12 and data are shown for the same conditions as those of 
figure 4. In this case the efficiency TJ' increases with pressure 
ratio for each inlet temperature. 
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A plot of the efficiency ratio TJ'/TI against the blade-to-Jet 
speed.ratio £ofc various pressure ratios is. shown in figure 13, which 
correlates all the data within an" accuracy of "1 percent. The" ""' 
efficiency TJ' varies from 1.04 to 1.16' times the corresponding 
values of TJ. The greatest Increase occurs at the combination of 
low blade-to-Jet speed ratios and high pressure ratios. 

The results of the tests using turbine-wheel cooling air are 
shown in figure 14, a typical curve of turbine efficiency plotted 
against blade-to-Jet speed ratio for various cooling-air flows 
from 0 to approximately 0.33 pound per second. These data were 
taken with an inlet pressure of approximately 30 inches of mercury 
absolute and an inlet temperature of 800° R. It ie evident from 
this plot thßb for th* "range Investigatod cooling-air flow has no 
measurable effect on turbine efficiency within the accuracy of the 
data. 

The effect of cooling air on the turbine efficiency is shown 
in the following summary table; 

Inlet total 
temperature, T. 

(°R)    i 

Inlet total 
pressure, pA 
(in. Hg abs.) 

Blade-to-Jet 
speed ratio 

u/v 

Cooling-air 
flow (percent 
turbine gas 
flow) 

Turbine 
efficiency 

800 29.8 0.6 0-7 0.675 

1200 29.8 .6 0 - 8i 
4 • 

.67 

1600 29.8 .5 5|-12| .61 

2000 29.8 .45 lo^-asf .58 

1200 39.9 .55 0 - 6i 
4 

.65 

1200 29.8 .55 o-e| .65 

1200 14.8 .55 0-10 .61 

No variation in efficiency with cooling-air flow is noted in this 
table. Figure 14 and this table show only the effect of the cooling- 
air flow on the performance of the turbine proper. A complete 
evaluation of the cooling-power loss must include the pumping horse- 
power required to force the cooling air througjh the cooling passages, 
Table II shows a summary of the test data using cooling air and 
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Includes the cooling-air flow, pressure drop from the compressor 
housing to the turbine discharge pressure, and cooling-air inlet 
temperature measured Just "before entranoe to the turbine wheel. 
From these data the pumping horsepower can he computed. A correla- 
tion of this cooling data was not attempted because the temperature 
variation of the cooling air as it passed through the cooling 
passages was unknown. 

SUMMARY OF BESULTS 

From efficiency tests of a radial-flow exhaust-gas turbo- • 
supercharger turbine with a 12.75-inch tip diameter over a range 
of pressure ratios, inlet temperatures, inlet pressures, and 
cooling-air flows, the following results were obtained; 

1. The variation of efficiency with pressure ratio over the 
range from 1.5 to 4.0 was small (2 points or less) for any given 
blade-to-Jet speed ratio. 

2. The turbine efficiency varied only slightly with inlet 
temperature. Over the inlet-temperature range from 800° to 1200° B, 
the maTlimim difference in efficiency was 1.5 points. 

3. The efficiency Increased about 4.5 points at blade-to-jet 
speed ratios of 0.5 and 0.6 as inlet pressure increased from 20 to 
50 inches of mercury absolute. 

4. The mass flow through the turbine Increased with pressure 
ratio and approached a limiting value at a pressure ratio of 
about 4.0. At a pressure ratio of 4.0, the ratio of the turbine 
mass flow to the theoretical maximum mass flow was 0.875. 

5. Tests made with turbine Inlet-gas pressures from 
15 to 40 inches of mercury absolute, inlet-gas temperatures 
from 800° to 2000° B, a pressure ratio of 2.0, and cooling-air flows 
up to 14 percent of the turbine gas flow show that cooling-air 
flow had no measurable effoot on turbine efficiency. 

Aircraft Engine Besearch Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 
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NACA  MR   No.    E6F03 

Figure   I.   - Test  setup of   radial-flow exhaust-gas  turbosupercharger turbine, 



NACA MR   No.   E6F03 

(a)     Nozzle  box,  turbine wheel   and  shaft,  wheel-case center 
cover,   and   rear-bearing  support. 

I 7 cooli ng- 
ai r passage 
out lets 

^■JM   iff! >•''.' 
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■.'"•"   j' ;. 

lb)     Turbine wheel   showing cooling-air passage outlets. 

Figure   2.   - Components of   radial-flow exhaust-gas turbosupercharger turbine, 
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Figure  3.   -  Schematic  drawing  of modified  turbosupercharger  assembly. 
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(e)    Inlet tot«! temperature,   1200« R. 
Figure 4. - Variation of turbine efficiency with blade-to-Jet  speed ratio for various 

Inlet total  temperatures and pressure ratios.     Inlet total pressure, 20.8 Inches of 
mercury absolute. 
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Figure 5.  - Variation of turbine efficiency with blade-to-Jet speed ratio for various 
inlet total temperatures and inlet total pressures.     Pressure ratio,  1.5. 
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Figure 6. - Variation of turbine efficiency with pressure ratio, inlet total temperature, 
and Inlet total pressure. 
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